We propose a variant of the KKLT (A)dS flux vacuum construction which does not require an antibrane to source the volume modulus. The strategy is to find nonzero local minima of the no-scale potential in the complex structure and dilaton directions in moduli space. The corresponding no-scale potential expanded about this point sources the volume modulus in the same way as does the antibrane of the KKLT construction. We exhibit explicit examples of such nonzero local minima of the no-scale potential in a simple toroidal orientifold model.
Introduction
De Sitter and anti-de Sitter vacua of string theory that fix all moduli were constructed recently [1, 2, 3] . The de Sitter models offer the prospect of modelling dark energy and inflation in string theory, as well as providing a concrete setting in which to analyze basic quantum gravitational issues (such as the de Sitter entropy [4, 5] and the rich cosmology and particle physics of multiple vacua [6, 7, 8] ).
The KKLT models [2] may be of particular interest as they arise in a context with low-energy supersymmetric effective field theory and naturally incorporate other appealing model-building features, such as warping to obtain small numbers. In this paper we will provide explicit examples of a simple variant of the KKLT construction.
One ingredient of the model [2] is an anti-D3-brane in a warped 3-brane throat of a Calabi-Yau compactification of type IIB string theory [9] . This produces a contribution to the four-dimensional Einstein-frame potential for the overall volume V CY of the Calabi-Yau
whereṼ does not depend on the overall volume, to a first approximation, and is tunably small if the D3 sits at the bottom of a sufficiently warped throat. The contribution (1.1) can be understood simply as arising from the D3 tension in four-dimensional Einstein frame. It is not yet precisely known how to package the contributions of the D3-brane in terms of the superpotential, Kähler potential, and D terms of a low energy supersymmetric effective field theory. (Recently, an interesting variant of KKLT has been proposed in which the antibrane is embedded in a 7-brane, giving a D-term realization of it [10] ; it will be interesting to see if explicit tadpole and tachyon free models arise also in that context.)
The potential energy of a generic model can be written in N = 1 supersymmetric form in terms of a Kähler potential K and superpotential W as
where a and b run over all moduli and the axion-dilaton and g ab = ∂ a ∂bK is the metric on moduli space. In a no-scale model, such as those developed in [11] , this reduces to
where i and j run over only complex structure moduli and the axion-dilaton (collectively Φ i ), the Kähler and D3-brane position moduli having cancelled out. Thus far, solutions to this potential have been found [2, 11, 12, 13, 14] , by solving D i W = 0, ∀ i, which produces a zero-energy minimum of (1.3) with fixed complex structure moduli. The Kähler moduli only appear in (1.3) in the prefactor e K , so they are fixed by other ingredients-a balance of forces from (1.1) and two terms arising from no-scale breaking effects (α ′ corrections and nonperturbative effects). This leaves the complex moduli close to their original positions as stabilized by the no-scale potential.
However, the functional form of (1.3) immediately suggests an interesting alternative to this construction. The overall volume appears as a Kähler modulus in a chiral multiplet ρ whose imaginary part is V
2/3
CY /g s , and
So if there is a minimum of the potential in the complex-structure and axion-dilaton directions at nonzero V no−scale ,
with the eigenvalues of ∂ i ∂ j V positive, it provides a source for ρ which is identical in form to that provided by the antibrane (1.1).
In a similar manner to [2] , we can play this positive-power-law potential ( with appropriate signs, ifṼ is small, these terms can play off each other to fix the volume at a large value. In the example of [2] , the small number required is obtained by positioning the antibrane at the bottom of a warped throat. In our case, we will have to rely on the richness of the set of possible fluxes to obtain a small number.
This class of models is in some sense a natural completion of that offered by KKLT, since there are domain walls coming from wrapped fivebranes on which the antibrane (as well as other threebranes) can end. So the set of models without an antibrane is physically connected to the original set of KKLT models through bubble nucleation [15, 6, 16] , and via the deformation of the system onto its approximate Coulomb branch [5, 4] .
Our strategy has the advantage that the supersymmetric effective field theory description is clear, and shows that there is no a priori need for warped throats. In realizing our idea with explicit examples, we will work with toroidal orientifolds as in [17, 12, 13] rather than using generic warped Calabi-Yau manifolds. As in the early work on string compactification phenomenology, there is a practical trade-off between genericity and calculability.
We will also find it very useful to work near a locus of enhanced symmetry within the toroidal orientifold model's moduli space. Again this entails some loss of generality, but on the other hand there are various interesting physical mechanisms and scenarios which favor symmetries (such as [18, 19] and avoidance of proton decay).
A Concrete Model: De-Sitter Vacua of the
In the KKLT models, before α ′ and nonperturbative correction, the potential takes the form (1.3), with Kähler potential
and superpotential [20, 21, 22 ]
Here φ is the IIB axiodilaton (a departure from the notation of [2] ) and ρ is the superfield with imaginary part (Im φ)e 4u , where e u scales with the linear size of the Calabi-Yau.
Thus the ρ dependence of the potential is simply a multiplicative factor of 1/(Im ρ) 3 from the Kähler potential as mentioned in §1.
The potentials (1.3) that one obtains from generic Calabi-Yau manifolds have a rich structure, and though the moduli spaces are of high dimension, we expect them to produce metastable solutions of (1.4). But, for specificity, we now specialize to the case of flux compactifications of type IIB on the
In fact this naively simpler case has several complications of its own coming from the fact that there is no preferred decomposition into Kähler and complex structure moduli.
(This can be thought of in spacetime language as coming from the fact that the UV theory has N = 4 supersymmetry in four dimensions.) In particular, the derivation of the no-scale potential and flux superpotential (1.3)(2.2) breaks down in this case. Ultimately we will simply calculate the potential energy in components and minimize it, exhibiting explicit tachyon free models in a way which bypasses these subtleties.
In order to calculate potentials for moduli in various flux configurations, we introduce a convenient set of real global coordinates on T 6 : x i , y i , i = 1, ..., 3 with the identifications
Choices of complex structure can be parameterized by complex numbers τ ij , i, j = 1, ..., 3 such that
are global holomorphic coordinates. In these coordinates, the explicit orientifold is
The holomorphic three-form can be taken to be
and the metric can be chosen to be
In this parameterization, deformations of τ ij induce deformations of the metric that are a combination of Kähler (δg ij = 0) and complex structure (δg ij = 0) perturbations.
1
In addition (independent of the parameterization), some deformations of τ ij induce no complex-structure metric perturbation at all. We will call these unphysical deformations 2 .
It can be shown that the flux superpotential (2.2) in the T 6 /Z Z 2 case [12] depends in general on all the τ ij , even those which are unphysical, evidence that the full supergravity description of this system [23] is more complicated than the naive extrapolation of (1 .3) and (2.2) to the torus case. To avoid this complication, we turn to computing the quantities we will need from the dimensional reduction of the ten dimensional type IIB component Lagrangian.
1 It should be possible to correct the metric with some dependence on τ ij that removes the Kähler perturbations, as is commonly done on T 2 by defining the Kähler form as 1/(τ − τ )dzdz.
However, for simplicity, we will not make such a choice. 2 These exist because of the presence of non-trivial (0,1)-forms on the torus, and can be seen more directly by noting that h 2,1 = 9, but there are only 6 independent δg ij
Dimensional Reduction
We follow [11] and [12] through most of this subsection. The Type IIB supergravity action in ten dimensional Einstein frame is [24] S IIB = 1 2κ 10
where
6)
with * F (5) =F (5) , F (3) = dC (2) , and H (3) = dB (2) . If we compactify on a six dimensional compact manifold M 6 , the Bianchi identity for the 5-form field strength is
is the number density of local D3-brane charge sources. This can be integrated
In the case of interest to us, the local sources of D3-brane charge are D3-branes, with charge +1, and orientifold 3-planes with charge -1/4. In the particular case of T 6 /Z Z 2 , there are 2 6 O3-planes, so the condition becomes
Since we wish to avoid D3-branes, this gives the constraint
There are various types of exotic O3-planes that would contribute to (2.10), but we will impose constraints so that these do not appear in our constructions. In particular, we will use the quantization conditions 
which satisfies
For compactification on T 6 , flux configurations of F (3) and
As shown in [12] , these configurations are all consistent with the orientifold action, with the quantization-condition caveat mentioned previously, so F (3) and H (3) can be generically
For the reasons discussed in the previous subsection, we will study the component potential energy
This comes from (2.5) after moving to four-dimensional Einstein frame, taking into account the fact that the second term is, by (2.10), the energy of the local sources.
The symmetric locus
In order to simplify our task, we will now specialize to an enhanced symmetry locus on the moduli space of the T 6 . This allows us to first minimize the potential within the symmetric locus. Since the enhanced symmetry guarantees no tadpoles in the directions transverse to the symmetric locus, the potential is already extremized in those directions.
What remains is then to study the mass matrix in the transverse directions to check for tachyons.
This simplification is crucial even for computer searches, which use a steepest descent method. The minima we for which we search are local minima with small "drainage basins." Generically the number of attempts required to find a minimum (even if we know it exists) will go as (l ′ /l) f where l is the scale of the basin, l ′ > l the characteristic distance of the basin from the origin, and f the number of degrees of freedom. Furthermore, each attempt takes longer as f increases, so minimizing f is quite important. By implementing a symmetry constraint we reduce f to the number of directions respecting the symmetry. Of course, we have no guarantee that the symmetry-breaking directions will be tachyon-free.
In our case, will impose the symmetry generated by
Under this action, only diagonal τ ij , the τ ii , are preserved, and the only invariant threeforms are α 0 , α ii , β ii , and β 0 , limiting the flux quantum numbers to a 0 , a ii , b ii , and b 0 . If we limit ourselves to complex structure moduli and the axion-dilaton, this leaves us with eight real degrees of freedom, representing the three diagonal tau and the axion-dilaton.
Solutions
Using the potential (2.16) restricted to the symmetric locus, with fixed ρ, we performed a randomized search for nonzero local minima with the "FindMinimum" function of Mathematica 4.1, which uses a modification of Powell's method for minimization [25] . We tried more than 10 4 different relatively prime choices of flux quantum numbers a, b, c, d ≤ 10, and for each flux choice, 50 attempts were made to find a nonzero minimum. We found four distinct, but possibly related, nonzero minima-their characteristics can be found in Appendix A 3 .
We then performed the second step (checking for tachyons in the transverse directions)
by looking at the derivatives of the full potential (2.16) in terms of the full real metric and the axion-dilaton. All first derivatives were zero, which was expected for the symmetrybreaking Kähler directions and all complex structure directions. Interestingly, in all cases, almost all moduli were fixed, with only three or four massless directions remaining and no tachyons. These data are also in Appendix A.
3 One could, at this point, consider these to be solutions in the orientifold T 
Conclusions
We have exhibited tachyon-free models which satisfy (1.4). In order to stabilize the three or four remaining Kähler moduli, including the volume modulus, one would need to combine our contribution (1.1) with non-perturbative and α ′ contributions to the potential as in [2] . This provides a class of models without the need for an antibrane in a warped throat and may facilitate more explicit model-building analyses, since computations are easier in symmetric toroidal orientifolds of the sort we studied. We also regard our success in finding explicit models in the toroidal case suggestive of their existence in the richer context of generic Calabi-Yau manifolds. The uniformly non-negative mass-squares we encountered in the symmetry breaking directions were a pleasant surprise, and it would be nice to find a simple analytical explanation for that result. The hierarchy of mass scales appearing in our results is also intriguing and may have interesting applications.
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